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ABSTRACT

Context. The infrared (IR) range is extremely useful in the context of chemical abundance studies of the gas-phase interstellar medium
(ISM) due to the large variety of ionic species traced in this regime, the negligible effects from dust attenuation or temperature strati-
fication, and the amount of data that has been and will be released in the coming years.

Aims. Taking advantage of available IR emission lines, we analysed the chemical content of the gas-phase ISM in a sample of 131
star-forming galaxies (SFGs) and 73 active galactic nuclei (AGNSs). In particular, we derived the chemical content via their total oxy-
gen abundance in combination with nitrogen and sulphur abundances, and with the ionisation parameter.

Methods. We used a new version of the code HII-CHI-MISTRY-IR v3.1, which allowed us to estimate log(N/O), 12+log(O/H), log(U)
and, for the first time, 12+log(S/H) from IR emission lines, which can be applied to both SFGs and AGNs. We tested whether the
estimates from this new version, which only considers sulphur lines for the derivation of sulphur abundances, are compatible with
previous studies.

Results. While most of the SFGs and AGNs show solar log(N/O) abundances, we find a large spread in the log(S/O) relative abun-
dances. Specifically, we find extremely low log(S/O) values (1/10 solar) in some SFGs and AGNs with solar-like oxygen abundances.
This result warns against the use of optical and IR sulphur emission lines to estimate oxygen abundances when no prior estimation of

log(S/0) is provided.

Key words. galaxies: abundances — galaxies: active — galaxies: ISM — galaxies: nuclei — infrared: ISM

1. Introduction

Emission lines measured in the gas phase of the interstel-
lar medium (ISM) in galaxies are key to inferring their
physical and chemical properties. Among these emission
lines, collisionally excited lines (CELs) have been widely
used for this purpose in several spectral ranges, such as
in the optical (e.g., Lequeux etal. 1979; Garnett & Shields
1987; Contini & Viegas 2001; Pérez-Montero 2014; Curti et al.
2017), the ultraviolet (UV; e.g., Erbetal. 2010; Dors et al.
2014; Pérez-Montero & Amorin 2017), and the infrared (IR;
e.g., Nagao et al. 2011; Pereira-Santaella et al. 2017; Peng et al.
2021; Fernandez-Ontiveros et al. 2021; Pérez-Diaz et al. 2022).
As the primordial ISM metal content after the Big Bang nucle-
osynthesis is well constrained (Cyburt et al. 2016), any subse-
quent deviation from these initial chemical conditions must be
attributed to stellar nucleosynthesis, whose products are ejected
into the ISM in the late stages of stellar evolution. Therefore, the
analysis of the metal content of the ISM is fundamental to under-
standing the impact of dissipative baryonic processes in galaxy
evolution.

* Full Tables A.1-A.4 are available at the CDS via anonymous
ftp to cdsarc.cds.unistra.fr (130.79.128.5) or via https://
cdsarc.cds.unistra. fr/viz-bin/cat/J/A+A/685/A168

Over the decades, several techniques based on CELs have
been developed and improved to infer the metal content of the
ISM in star-forming galaxies (SFGs; see Maiolino & Mannucci
2019, for a review on the topic). Moreover, in recent years, sim-
ilar techniques have also started to be applied to the study of the
chemical content of the ISM in the narrow line region (NLR)
of active galactic nuclei (AGNs), accounting for the correspond-
ing differences in the sources ionising the surrounding gas (e.g.,
Contini & Viegas 2001; Dors et al. 2015; Pérez-Montero et al.
2019; Pérez-Diaz et al. 2021).

Most of the studies devoted to the analysis of chemical
abundances in the gas-phase ISM using CELs are focused
on the oxygen (O) content (12+log(O/H)), for several rea-
sons: (i) O is the most abundant metal by mass in the gas-
phase ISM (~55%, Peimbert et al. 2007), and is therefore a
good proxy for the total metallicity (Z); and, (ii) its abun-
dance can be derived more easily than other elements due
to the presence of strong CELs in the optical, IR, and UV
spectral ranges. Additionally, some authors have also anal-
ysed the nitrogen-to-oxygen abundance ratio (log(N/O); e.g.,
Vila-Costas & Edmunds 1993; Pérez-Montero & Contini 2009;
Amorin et al. 2010; Andrews & Martini 2013; Peng et al. 2021;
Fernandez-Ontiveros et al. 2021; Pérez-Diaz et al. 2022). Nitro-
gen (N) can be produced by massive stars via a primary chan-
nel — leading to an almost constant N/O ratio — but also through
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a secondary channel in the high-metallicity regime, due to CNO
cycles in intermediate-mass stars that eject it into the ISM after
a certain time delay (e.g., Henry et al. 2000). Thus, the study
of N/O using nitrogen emission lines can provide complemen-
tary information on the evolution of the chemical content of the
ISM. While studies of N/O from both optical and IR emission
lines can be performed, in the UV other secondary elements —
such as carbon (C) — are studied instead, due to the presence
of strong emission lines in this range, although it is also pos-
sible to study this by using optical recombination lines (e.g.,
Toribio san Cipriano et al. 2017; Méndez-Delgado et al. 2022),
with the disadvantage that these emission lines are much fainter
than CELs (Esteban et al. 2009).

So far, very few works have studied in a statistically signifi-
cant sample of galaxies the sulphur (S) content in the gas-phase
ISM. Instead, the assumption of an universal S/O ratio has been
used to propose that sulphur emission lines are tracers of the
total oxygen metallicity. For instance, Vilchez & Esteban (1996)
were pioneers in defining the sulphur abundance parameter,
8232

1([S1] A16717,6731) + I ([S 111] 2119069, 9532)
1(Hg)

Later on, Diaz & Pérez-Montero (2000) provided the first cali-
bration to directly estimate the oxygen content from S,3, improv-
ing the determination of the chemical content of the gas-phase
ISM, counteracting the ambiguity of the equivalent oxygen
parameter, Ry3 (Pagel etal. 1979). As was shown by these
authors, and after further improvements to the calibration of
this estimator (Pérez-Montero & Diaz 2005), two advantages
arise from using sulphur emission lines instead of oxygen (i.e.,
R»23): (i), S»3 is mainly single-valued in most of the metal abun-
dance range; and, (ii) sulphur lines are less affected by extinc-
tion than oxygen emission lines, although [S 111] lines at 9069 A
and 9531 A can suffer from telluric absorptions (e.g., Noll et al.
2012).

However, the use of Sy3 to estimate 12+log(O/H) directly
implies that the ratio between S and O (log(S/O)) remains con-
stant. Indeed, while S and O are both produced in the nucle-
osynthesis of massive stars, their yields are expected to also
behave similarly, supporting the previous idea of a constant S/O
ratio. Unfortunately, this assumption has not been firmly estab-
lished, and only a few works have analysed the sulphur con-
tent in the ISM (e.g., Kehrig et al. 2006; Pérez-Montero et al.
2006; Diaz et al. 2007; Berg et al. 2020; Diaz & Zamora 2022;
Dors et al. 2023) as compared to the large number of studies on
the oxygen content. Therefore, further observational constrains
are required to validate the assumption of a universal solar S/O
ratio. For instance, while Berg et al. (2020) show that most H1t
regions in their sample are consistent with a S/O solar ratio,
Diaz & Zamora (2022) find strong deviations from that, espe-
cially in the low-metallicity regime (12+log(O/H) < 8.1). In this
regard, it is important to note that at low metallicities a higher
ionisation degree of the gas-phase ISM is expected, so higher
ionic species (such as S*3) contribute more to the total budget
of the sulphur content, and thus the uncertainty due to the appli-
cation of the ionisation correction factor (ICF) to optical lines
is higher. Moreover, Dors et al. (2023) also find a few sources
among their AGN sample, with S/O ratios in some galaxies far
from the solar value. Several attempts have been also made to
directly calibrate the S23 parameter with the total sulphur abun-
dance (Pérez-Montero et al. 2006; Diaz & Zamora 2022). How-
ever, the collisional nature of the lines involved in this parameter,

ey
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which make them very dependent on the electron temperature,
and thus on the overall metal content of the gas, implies an addi-
tional dependence on the assumed S/O ratio.

Nevertheless, the above-mentioned studies focus on the use
of optical emission lines, leading to an inconclusive response
as to whether these deviations originate intrinsically in the pro-
duction of S and O, or due to a variety of effects with diverse
origins such as dust attenuation, contamination from diffuse
ionised gas (DIG), or the effects from the assumed ICFs, which
severely affect the total sulphur abundances derived from the
optical emission lines, as these do not cover the higher ionised
S stages, such as S#3+. In this regard, the study of IR emis-
sion lines opens a new avenue through which to determine sul-
phur abundances, both in SFGs and AGNs, with key advantages
over optical tracers. First of all, due to the atomic transitions
involved in the ionic radiative process, the IR emission lines
are much less affected by the electron temperature, 7., avoiding
problems due to stratification or temperature fluctuations (e.g.,
Peimbert 1967; Stasifiska 2005; Méndez-Delgado et al. 2023;
Jin et al. 2023). Secondly, the IR range allows the detection of
highly ionised species such as S*3, which are important for
a more accurate determination of total elemental abundances,
especially in AGNs. Thirdly, IR emission lines are almost unaf-
fected by dust obscuration. Fourthly, ancillary data from obser-
vatories such as the Infrared Space Observatory (ISO; cover-
ing the 2.4-197 um range; Kessler et al. 1996), the Spitzer Space
Observatory (5-39 wm; Werner et al. 2004), the Herschel Space
Observatory (51-671 um, Pilbratt et al. 2010), and the Strato-
spheric Observatory for Infrared Astronomy (SOFIA; covering
the 50-205 pwm range; Fischer et al. 2018), as well as brand-new
missions such as the James Webb Space Telescope (JWST, which
is covering the 4.9-28.9 um range with the Mid-InfraRed Instru-
ment MIRI, Rieke et al. 2015; Wright et al. 2015), and upcom-
ing facilities such as the Mid-infrared Extremely large Telecope
Imager and Spectrograph (METIS, covering the N-band cen-
tered at 10 um, Brandl et al. 2021).

In this work, we compiled a sample of SFGs and AGNs with
IR spectroscopic observations to derive their chemical abun-
dances from the IR emission lines, following the methodol-
ogy used in Fernandez-Ontiveros et al. (2021) for SFGs and in
Pérez-Diaz et al. (2022) for AGNs, which includes an indepen-
dent estimation of log(N/O), 12+log(O/H) and 12+log(S/H).
The paper is organised as follows. Section 2 provides infor-
mation on the sample selection as well as on the methodology
followed through this work. The main results of this study are
shown in Sect. 3 and discussed in Sect. 4. Finally, we summarise
our conclusion in Sect. 5.

2. Sample and methodology

For this work, we compiled one of the largest sample of
galaxies with IR spectroscopic observations, combining cata-
logs from Spitzer, Herschel, Akari and SOFIA. In particular,
we compiled the following catalogs: the dwarf galaxy sample
from Cormier et al. (2015) observed with Spitzer and Herschel,
the Infrared Database of Extragalactic Observables from
Spitzer' (IDEOS Herndn-Caballero et al. 2016; Spoon et al.
2022) from the Spitzer archive; the AGN and HII samples from
Fernandez-Ontiveros et al. (2016) and Spinoglio et al. (2022)
combining Spitzer, Herschel, and SOFIA data; and the (U)LIRG
catalog from Imanishi et al. (2010) observed with Akari.

I http://ideos.astro.cornell.edu/
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2.1. Sample of star-forming galaxies

Our sample of SFGs is composed of objects from two main
sources. The data of the first subsample were directly taken
from Ferndndez-Ontiveros et al. (2021), where they compiled
a sample of 65 galaxies (30 dwarf galaxies, 22 HII regions,
and 13 (U)LIRGs) with IR spectroscopic observations show-
ing star-formation dominated emission ([NeV]/[Nell] <0.15).
Additionally, we compiled another sample of galaxies from
the IDEOS catalog (Herndn-Caballero et al. 2016; Spoon et al.
2022). As is described in Pérez-Diaz et al. (2024), the sam-
ple consists of 66 ultra-luminous infrared galaxies (ULIRGs)
showing star-forming dominated activity from both their
[Nev]/[NeI] ratio (<0.15) and from the equivalent width of
the PAH feature at 6.2 um (EQW(PAHs2,m) >0.06 um). While
for this last sample we compiled IR emission lines from
[S1v]A10 um to [SHI]A33 wm from IDEOS (Spoon et al. 2022)
and measurements of H114.05 um from Akari/IRC observations
(2.5-5wm, Imanishi et al. 2010), only the first sample from
Fernandez-Ontiveros et al. (2021) presents measurements from
far-IR emission lines such as [ONI]A52 um, [NII]JA57 um, and
[O1I]A88 wm, which are key to estimating N/O.

2.2. Sample of active galactic nuclei

We compiled our AGN sample from Pérez-Diaz et al. (2022),
who analysed 58 AGNs with available IR spectroscopic observa-
tions, including 17 Seyfert 1 nuclei (Sy1), 14 Seyfert nuclei with
hidden broad lines in the polarised spectrum (Sylh), 12 Seyfert
2 nuclei (Sy2), 12 (U)LIRGs, and three low-ionisation nuclear
emission-line regions (LINERs). Additionally, we included 15
quasars from the IDEOS catalog (up to redshift ~0.74), for
which we also added measurements, when possible, of the
hydrogen recombination line, the HI Brackett « line, from their
Akari/IRC observations (2.5-5um, Imanishi et al. 2010). We
measured fluxes in the HI14.05 um line by fitting the restframe
[3.8—4.3 um] range with a model that assumes a second-order
polynomial for the continuum and a Gaussian profile for the
line, with the line width corresponding to the instrumental reso-
lution of the Akari or Spitzer/IRS spectrum at that wavelength?.
Both samples show strong AGN emission, as is shown by their
[Nev]/[Nelr] (>>0.15) ratio.

2.3. Hi-cHI-MISTRY-IR

To derive chemical abundances from the IR emission lines
in our sample, we used the code HII-CHI-MISTRY-IR (here-
inafter, HCM-IR) v3.1, originally developed by Pérez-Montero
(2014) for optical emission lines and later extended to IR emis-
sion lines by Ferndndez-Ontiveros et al. (2021) for SFGs and
Pérez-Diaz et al. (2022) for AGNSs. This code basically performs
a Bayesian-like comparison between a set of observed emission-
line flux ratios sensitive to quantities such as the total oxy-
gen abundance, the nitrogen-to-oxygen ratio, or the ionisation
parameter, with the predictions from large grids of photoionisa-
tion models to provide the most probable values of these quanti-
ties and their corresponding uncertainties.

Version 3.1 of the code for the IR? presents two new features
in relation to previous versions:

2 The spectral resolution of Akari is R ~100 (Kim et al. 2015). For
Spitzer/IRS, it is A4 = 0.06 and 0.12 um for the SL2 (5.15-7.5 pm) and
SL1 (7.5-14 um) modules, respectively (Spoon et al. 2022).

3 The code is publicly available at http://home.iaa.csic.es/
~epm/HII-CHI-mistry.html.

— The code now accepts as input the argon emission
lines ([Arm]A7 um, [ArII]A9um, [Arv]A8um, and
[Arv]A13 um), which are used to construct estimators of
metallicity and excitation, analogous to those based on neon
emission lines already used in previous versions; that is,
Ne23 and Ne2Ne3 for SFGs (Fernandez-Ontiveros et al.
2021):

log (Ne23) = log

I(INett]p ) + I (N 5 )
I(HL) @

1(INe ] 2m) ] -

I ([Ne 1]y 5 Hm)
and Ne235 and Ne23Ne5 for AGNs (Pérez-Diaz et al. 2022):
I([Ne 3pm) + 1 (INe 1] 5 )

+
I(H1)

log (Ne2Ne3) = log(

log (Ne235) = log

I(INe Vliaym) + I (INe Viaaym) )
I(H1) ’ “

I([Netl] ) + I ([Ne ;s
10g (Ne23Ne5) = log ( 12 ) ( 15w )]

I(INe Vli4um) + I (INe Vg )

&)

Following this approach, the new observables based on these
IR argon lines can be defined as

1([Ar 1ty ) + 1 ([Ar g 1)
I(H1) ’ ©

log (Ar23) = log(

log (Ar2Ar3) = log

1([AF 117 ] -

1({Arml,,,))’
I([Ar 1ty ) + 1 ([Ar g )
I(H1) "

I([Ar Vg ) + ]([ATV]Bpm)] ®

log (Ar235) = log

I(H1)

I([Ar1)y ) + 1 ([ArTIT]g
log (Ar23Ar5) = log ([Ar T ym) +1 (AT, )] ©)

T([Ar Vg ) + I ([AT V113 m)

with HI; being one of the hydrogen lines that the code can
take as input. The performance of these estimators is shown
in Fig. 1 in comparison with their neon analogues. Argon
emission lines offer a great opportunity for chemical abun-
dance studies with JWST data, since they are located in a
narrow IR window [7 wm,13 um], argon is a non-depleted
element whose nucleosynthesis leads to a yield similar to that
for oxygen, and they include transitions from highly ionised
species, which helps to disentangle the power of the ionising
source.

— After the iteration* performed by the code to constrain
N/O, and parallel to the second iteration performed to

4 The code originally performs two consecutive iterations: during the
first iteration, the grid of models in which N/O, O/H and U are free
parameters is constrained by the estimation of N/O. During the second
iteration, O/H and U are estimated from the constrained grid of models.
With this new feature, the code performs, in parallel to the estimation
of O/H and U, the estimation of S/H, i.e., the code estimates S/H from
the grid constrained only by N/O.
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estimate 12+1og(O/H) and the ionisation parameter log(U),
the code now performs a new iteration to estimate
12+log(S/H). This is done using the estimators S34 and S3S4
(Fernandez-Ontiveros et al. 2021; Pérez-Diaz et al. 2022),
based on sulphur lines, without assuming the results from
the oxygen or the ionisation estimations. In this way, the
estimators based on sulphur emission lines (S34 and S3S4)
are no longer used for the estimation of 12+log(O/H)
and log(U) and, consequently, sulphur and oxygen abun-
dances are derived independently from each other’s
estimations.

log (S34) = log (I([S 1] g um) +1 ([S II1]53 um)+

I (HY)
1 ([S IV]IO p.m)
W] (10)
R e e e B
10 um

Following the prescription by Pérez-Diaz et al. (2022), the
emission line [SMI]A33um is only used for SFGs. The per-
formance of these estimators is shown in Fig. 2. It is rel-
evant to emphasise the importance of IR emission lines in
estimating sulphur abundances. As is shown in Fig. 3, S/O
has little dependence on the behaviour of the estimators, as
the intensity of IR emission lines mainly depends on the
ionic abundance. However, this is no longer the case for
optical lines, as they also depend on temperature, which
translates into a dependence on the metallicity. Hence, esti-
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are shown as continuous lines.

mators for sulphur based on optical emission lines (e.g. S23

Eq. (1)) are much more affected by the S/O assumed for the

models.

Asis shown in Fig. 4, these new improvements in the code do
not significantly change the results obtained with previous ver-
sions, but we do obtain more information, as now 12+log(S/H)
is independently estimated. We notice that some AGNs seem to
present slightly higher abundances when sulphur emission lines
are no longer used in the oxygen estimation, which implies that
S lines favour lower abundances (see Sect. 3).

3. Results

In this section, we present an analysis of the chemical abun-
dances obtained after applying HCM-IR to the selected samples
presented in Sect. 2. The statistics of these results are shown in
Table 1.

3.1. Nitrogen-to-oxygen abundance ratios

HCM-IR performs a first independent iteration to esti-
mate log(N/O). Since both the IR observables (i.e.,
N303 = [N11]57 wm/[O11]52 um) and the procedure fol-
lowed to determine N/O remain unchanged in this version,
no significant difference is found in the log(N/O) distribution
derived for the SFG and AGN samples when compared to stud-
ies based on previous versions of the code. In the case of SFGs,
the median value of log(N/O) ~—0.9 is close to the solar ratio,
in agreement with Ferndndez-Ontiveros et al. (2021). Regarding
AGN:s, the distribution is almost identical to that reported by
Pérez-Diaz et al. (2022). Moreover, as IDEOS measurements
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do not cover the far-IR emission lines, essential to estimating
log(N/O) (Pengetal. 2021; Ferndndez-Ontiveros et al. 2021;
Pérez-Diaz et al. 2022), the number of N/O measurements has
not increased with respect to previous works.

Figure 5 shows that the distribution of the IR-based log(N/O)
versus the 12+log(O/H) values obtained for our sample devi-
ates from the abundances obtained for local SFGs using opti-
cal lines (Pérez-Montero & Contini 2009; Andrews & Martini
2013; Pérez-Montero 2014). Our IR-based abundances clus-
ter around the solar N/O ratio and do not show a trend with
O/H. While this result seems to contradict previous studies (e.g.,
Spinoglio et al. 2022), we must bear in mind the low number
of AGNs with N/O estimations. It is also important to note that
while SFGs present values of N/O that spread from sub-solar to
over-solar ratios, AGNs present either solar or slightly over-solar
N/O ratios.

This result is also reported for the abundances of SFGs as
derived from their IR lines (Ferndndez-Ontiveros et al. 2021)
and for AGNs (Pérez-Diaz et al. 2022), in both cases with cal-
culations based on HCM-IR. Since 12+log(O/H) is now obtained
without considering the IR sulphur lines, in contrast to previous
studies, we conclude that these behaviours on the N/O-O/H dia-
gram persist even when the information is solely obtained from
O, Ne, and Ar emission lines.

-1.2-06-0.1 05 1.1 1.7 2.2 28 -06-0.1 0.5 1.1 1.7 2.2 2.8
log(5354)

same estimators for AGNs. Models are
shown following the same notation as in
Fig. 1.

3.2. Sulphur and oxygen abundances

The analysis of the total oxygen abundance in our sample of
SFGs is in overall agreement with Fernandez-Ontiveros et al.
(2021). We find the lowest 12+log(O/H) average values in
dwarf galaxies (12+log(O/H) ~ 8.0), with sub-solar abundances
for (U)LIRGs (12+log(O/H)~8.5) and the highest values
for HII regions (12+log(O/H) ~ 8.7). Nevertheless, our larger
(ULIRG) sample presents a slightly higher median oxygen abun-
dance when compared to the smaller sample of 12 objects in
Fernandez-Ontiveros et al. (2021). The agreement with previ-
ous determinations implies that the independent estimation of
S in the last version of HCM-IR does not significantly change
the abundances of O and N, as in the Bayesian-like procedure
sulphur estimators are weighted among many others, reduc-
ing any possible bias. Regarding the derived average sulphur
content, 12+log(S/H), in our sample of SFGs, we obtained a
similar behaviour to that of oxygen, the lowest value being
found in dwarfs (12+log(S/H) ~ 6.3), followed by (U)LIRGs
(12+1og(S/H) ~ 6.8) and HII regions (12+log(S/H) ~ 7.1).

The 12+log(O/H) values obtained for AGNs are also con-
sistent with previous studies (Pérez-Diaz et al. 2022), as there
is not a significant increase in the oxygen content for high-
ionisation (Seyfert) AGNs. This is supported by the larger
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statistics after including the AGNs from IDEOS. Hence, we can
conclude that, in terms of chemical content, the samples from
IDEOS and from Pérez-Diaz et al. (2022) are both similar. Over-
all, the whole AGN sample presents similar median values for
both 12+log(O/H) ~ 8.25 and 12+log(S/H) ~ 6.5 for all consid-
ered subtypes (Seyferts, LINERs, and (U)LIRGS).

Finally, we also explored the relation between the ionisa-
tion parameter, log(U), and the derived chemical abundances.
Theoretically, if massive stars are the sources of ionisation, an
anti-correlation between metallicity and ionisation is expected
as a consequence of: (1) stars becoming cooler as a result
of wind and enhanced line blanketing (Massey et al. 2005);
and, (2) an increase in the stellar atmosphere content lead-
ing to higher photon scattering, which later translates into a
more efficient conversion of the luminosity energy into the
mechanical energy in winds (Dopita et al. 2006). As is pre-
sented in Fig. 6, we did obtain an anti-correlation for SFGs
that is stronger for oxygen (the Pearson coefficient correlation
is r ~ —0.98) than for sulphur (the Pearson coefficient corre-
lation is r ~ —0.8). When analysing AGNs, we do not obtain
any relation between metallicity and the ionisation parameter,
in agreement with previous studies (e.g., Pérez-Montero et al.
2019; Pérez-Diaz et al. 2021, 2022). Moreover, the lack of cor-
relation between U and O/H (and S/H) is obtained in galax-
ies characterised by high ionisation parameters (log(U) > 2.5
such as Seyferts) but also in AGN-dominated (U)LIRGs with
low ionisation parameters (log(U) < -2.5), as is shown in
Fig. 7.

3.3. Sulphur-to-oxygen abundance ratios

The median log(S/O) values obtained for our samples of SFGs
(-1.89) and AGNs (—1.87) are lower than the solar ratio,
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—3.5. Models are shown following the
same notation as in Fig. 1.

log(S/0O)e = —1.57 (Asplund et al. 2009). From Fig. 7 we con-
clude that, although the median values deviate by a factor of
0.3 dex from the solar ratio, higher offsets are found in many of
the (U)LIRGs (in our sample, dominated by either star-forming
or AGN activity), as their sulphur abundances are significantly
lower than the expected values of their corresponding oxygen
estimations.

First of all, we explored the possibility that these deviations
in the 1og(S/O) chemical abundance ratio could be caused by
uncertainties in the measurement of the [SIV]A10 um emission
line. Among these, the flux of this line could be affected as a
consequence of the presence of a silicate feature detected in the
10-12.58 wm range (Spoon et al. 2022). From Fig. 8 we can con-
clude that the silicate strength does not play any role in the esti-
mated values of log(S/O). However, we must bear in mind that
in galaxies dominated by AGN activity the silicate strength pro-
vides information on the extinction that is affecting the contin-
uum emission, whereas the line emission can come from more
extended parts.

To further explore the above-reported deviations in the
chemical abundance ratio, log(S/O), of our sample, we studied
its behaviour as a function of the oxygen abundance. As is
shown in Fig. 9, the deviations in log(S/O) are found in either
the low-metallicity regime (12+log(O/H) < 8.0), as is the case
for SFGs, or in the high-metallicity regime (12+log(O/H) > 8.4),

for both SFGs and AGNs. In the two metallicity
regimes, (U)LIRGs are the galaxies driving these high
deviations.

In the specific case of SFGs, we explored if these deviations
correlate with other physical quantities such as the stellar mass
(M.) or the star formation rate (SFR), as galaxy mass assembly
is known to play an important role in the chemical enrichment
of galaxies (Curtietal. 2017; Maiolino & Mannucci 2019),
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Table 1. Statistics of the chemical abundances and log(U) values derived from HCM-IR for our sample of galaxies.

12 + log,;, (O/H) 12 + log,, (S/H) log,, (N/O) log, (U)
Sample Ny N°° Med. Std.dev. N° Med. Std.dev. N° Med.  Std.dev. N° Med.  Std.dev.
All SFGs 131 128 857  0.30 59 6.68 038 22 =093 0.20 71 =297 034
Dwarfs 30 30 799 023 30 628 023 5 -1.14  0.19 30 -251 019
HIl regions 22 21 8.69  0.14 14 7.09 0.17 7 -0.93 0.12 21 =320 0.16
(ULIRGs 79 77 859  0.18 15 680 0.31 10 -0.86 0.09 20 -3.04 0.23
All AGNs 73 36 8.28  0.21 36 641 038 35 -0.83 0.16 65 -1.68 0.68
Seyferts 58 25 825 022 25 657 037 22 -0.79 0.19 52 -1.60 0.21
LINERs 3 2 822  0.12 2 642  0.03 1 -0.83  0.00 2 -3.08 0.15
(U)LIRGs 12 9 831  0.11 9 6.36  0.36 12 -0.88 0.07 11 -323 0.22

materialised in the well-known mass—metallicity relation (MZR,
Lequeux et al. 1979; Tremonti et al. 2004; Andrews & Martini
2013). Although this relation is regulated by many processes
such as the galactic environment (Peng & Maiolino 2014), sec-
ular evolution (Somerville & Davé 2015), star formation, and
AGN feedback (Blanc et al. 2019; Thomas et al. 2019) or stellar
age (Duarte Puertas et al. 2022), we only analysed those quanti-

ties that are explicitly involved in this connection between chem-
ical enrichment and galaxy mass assembly: M. (Lequeux et al.
1979; Tremonti et al. 2004) and SFR (SFR, Mannucci et al.
2010; Curti et al. 2017).

Figure 10 shows that deviations from the solar ratio
log(S/O)s ~ —1.57 are observed mostly in those galaxies with
high M, (>10"" M) and a high SFR (>90 M, yr™").
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4.1. Information from sulphur emission lines

Discussion

Unlike previous analyses of chemical abundances of the gas
phase using IR lines, which assume a constant and universal S/O
ratio, our work avoids S emission lines — namely [STV] 410 um,
[STr]A18 wm, and [STI]A33 wm — in estimating 12+log(O/H).
Instead, the sulphur lines are used in this work to estimate
12+log(S/H) independently. Given the quantity and variety of
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12+1log(S/H) (panels ¢ and d). Panels a and c
show results from SFGs, while panels b and d
present AGNs.

other emission lines observed in the IR range (Ne, Ar, and O),
sulphur emission lines do not play a critical role in the estima-
tion of the oxygen abundance, as is evidenced by the high con-
sistency between our results and previous studies using all of the
lines (see Fig. 4).

While IR emission lines are extremely useful due to the
fact that they are much less affected by temperature or dust
extinction, their dependence on density should be taken into
account. Far-IR emission lines present low critical densities
(e.g., Pérez-Diaz et al. 2022), which implies that their fluxes can
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be affected even for the average conditions of the ISM in both
SFGs (n. ~ 100cm™) and AGNs (n. ~ 500 cm™). This is not
the case for IR sulphur emission lines, as their critical densi-
ties (nc([STV]joum) ~ 5.6 x 10*em™, nc([SHI1gum) ~ 1.2 X
10*ecm™, and nc([S 133 um) ~ 1417 cm™; Pérez-Diaz et al.
2022) are well above such conditions of the ISM.

Furthermore, as the derivation of chemical abundances based
on the IR range also involves intermediate and highly ionised
species (S>*, S3*), the influence from DIG (Reynolds 1985;
Domgorgen & Mathis 1994; Galarza etal. 1999; Zurita et al.
2000; Haffner et al. 2009), whose contribution is only rele-
vant for low-excitation lines, is expected to be negligible in
the abundance calculation. In addition, the detection of high-
excitation IR lines is also extremely important in the case of
AGN:s, especially in high-luminosity AGNs such as Seyferts or
quasars, since highly ionised species are needed to correctly
trace the chemical content of the gas-phase ISM, and these
ions produce emission lines that are easily detected in the IR
range.

4.2. Deviations from the S/O solar ratio

Our analysis of the chemical abundance ratio log(S/O) in the
selected sample, calculated from the independent estimation
of sulphur and oxygen abundances, reveals that many galaxies
present values close to the solar ratio. As a matter of fact, about
70% of our sample of SFGs are within 0.2 dex of the solar ratio.
However, this value drops to 44% when AGNs are considered.
Focusing on the galaxies whose S/O ratio clearly deviates from
the solar proportion (>0.3 dex), we find that 53% of the AGNs
and 17% of the SFGs present such large deviations.

Regarding the different subtypes of galaxies, (U)LIRGs
exhibit the greatest deviations (see Fig. 7). Specifically, we
find that (U)LIRGs with an oxygen content close to the solar
value (12+log(O/H), ~ 8.69) show a spread in S/O ratios of
more than an order of magnitude (from —1.2 to —2.3), suggest-
ing a strong variation in the sulphur content of galaxies with
similar stellar masses, M, ~ 10'' My, and oxygen abundances,
12+1og(O/H) ~ 8.6 (see Fig. 10).

Among the (U)LIRGs that deviate from the solar log(S/O)
ratio are those with very low abundances (12+log(O/H) <8.2)
compared to other galaxies of the same type. These (U)LIRGs
possibly undergo a large excursion or deep dive beneath the
MZR due to massive infalls of metal-poor gas (Pérez-Diaz et al.
2024). According to our results, sulphur abundances are higher

in these objects, leading to over-solar log(S/O)> —1.2 ratios.
This behaviour is similar to that reported by several authors
using optical lines for different SFG samples (Diaz et al. 1991;
Pilyugin et al. 2006; Diaz & Zamora 2022).

Diverse mechanisms able to drive the observed log(S/O)
deviation in SFGs have been proposed, including: (1) changes
in the initial mass function enhancing the formation of stars with
masses between 12 Mg and 20 M, which are the major produc-
ers of S via burning of O and Si (Diaz & Zamora 2022); and,
(2) metal enrichment from Type Ia supernovae increasing the
sulphur yield (Iwamoto et al. 1999). The first scenario could be
favoured in the extreme star formation conditions that charac-
terise deep-diving (U)LIRGs, as larger SFRs help to increase the
number of stars with M > 10 M. Moreover, if (U)LIRGs have
experienced a change in their IMF, which has not been reported
yet, then this effect could be amplified. On the other hand,
the second mechanism proposed could be important in galax-
ies with strong outflows; for instance, Pérez-Diaz et al. (2024)
discuss how strong feedback from the extreme episode of star
formation is required for (U)LIRGs to end their deep-diving
phase.

However, as is shown in Fig. 10, these deviations found in
massive galaxies are not always associated with an increase in S,
as we also observed extremely low log(S/O) abundances in sim-
ilar conditions. Moreover, these scenarios do not explain why
there is such a strong variation in the sulphur content of galax-
ies with similar oxygen abundances and stellar properties such as
mass or the SFR. Another possible mechanism that could explain
these lower abundances of S/H might be related to the formation
of ice and dust grains that capture S in the most dense cores of
molecular clouds (Hily-Blant 2022). Indeed, recent studies show
that sulphur abundances in these cold, dense clouds are much
lower than those reported in the ionised ISM (e.g., Fuente et al.
2023), and these cold regions can be traced by IR emission lines,
while they remain unobserved from optical spectroscopy. Never-
theless, we cannot explore this scenario with the current IR data.

Active galactic nuclei show an analogous behaviour, with
S/O abundances spread over a wide range for galaxies charac-
terised by similar oxygen abundances. This was also reported
by Dors et al. (2023) using optical emission lines; however, the
information from S3* — which plays an important role in deriving
the total S abundance in the case of strong AGNs such as Seyferts
— was missing. As in the case of SFGs, it is unclear whether
the proposed scenarios of chemical enrichment from both stel-
lar nucleosynthesis and feedback might explain the observed
deviations. Nevertheless, we report the absence of AGNs with
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clear over-solar log(S/O) ratios, unlike deep-diving (U)LIRGs,
implying either that galaxies classified as AGNs in our sample
cannot meet the conditions to present such values, or that there
is an observational bias towards objects with solar to sub-solar
log(S/O) ratios.

In the near future, analysis of spatially resolved spectro-
scopic observations in the IR range for both SFGs and AGNs
will shed light to better disentangle if the mechanisms proposed
to explain the observed S/O variation are the same in both types
of objects.

4.3. The role of electron density

The emissivities of the IR emission lines are significantly less
dependent on temperature when compared with the optical tran-
sitions (e.g., Ferndndez-Ontiveros et al. 2021). However, the for-
mer are more affected by the electron density (n.) due to the
lower critical densities (n.) of the IR transitions — that is, the
density at which collisional de-excitations equal radiative tran-
sitions. For instance, [O 1|88 um has n, = 501 cm™3, whereas
[O111]5007 A has 6.9%10% cm™3. As is shown in Pérez-Diaz et al.
(2022), most of the IR emission lines used in this work have
n. well above the expected densities in SFGs (~100 cm™3) and
AGNSs (~500 cm™3), and therefore effects from the density condi-
tions of the ISM are not critical for chemical abundance estima-
tions. Additionally, HCM-IR (Ferndndez-Ontiveros et al. 2021;
Pérez-Diaz et al. 2022) takes into account this information in
the calculations and uses only those IR transitions whose n, are
above the expected densities for the ionised ISM in each case.
Nevertheless, to test the robustness of the S/O relative abun-
dances obtained, we investigate in this section a possible depen-
dency on the gas density.

For this purpose, we evaluated two ratios that are
extremely sensitive to n.: [SHI33wm/[STI]18 um and
[Ne v]24 um/[Ne v]14 um. The former is used to trace densities
in SFGs, because it is the only available set of emission lines
from the same ionic species in the mid-IR. The latter is used
to measure densities in AGNs, as this ratio involves a highly
ionised ion, thus avoiding possible contamination from star
formation activity. In Fig. 11 we present the log(S/O) values as
a function of these two emission-line ratios.

The lack of correlation between log(S/O) and n. is shown
in Fig. 11, suggesting that density variations are not causing
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the deviations from the solar ratio. A few SFGs (five) and
AGNs (three) present densities that are compatible within the
errors with the critical density regime (n. > n.), although the
density uncertainties in all cases are compatible with lower
values. Analysing the statistics for each sample, we find that
SFGs and AGNs present median values of n, ~ 200cm™
and ~1000cm™, respectively, adopting an electron tempera-
ture of 7. = 10*K. Nevertheless, we note that, given the
uncertainties in the emission-line ratios involved, these results
are still compatible with the typical ISM densities in each
case.

On the other hand, there are some considerations that may
impact the determination of electron densities. For instance, it
has been probed that planetary nebulae present density inhomo-
geneities across the gas-phase ISM (e.g., Seaton & Osterbrock
1957; Flower 1969; Harrington 1969; Péquignot et al. 1978;
Rubin 1989). Additionally, the action of shocks in the ISM
might also induce variations in the density distribution (e.g.,
Dopita 1976, 1977; Dopita et al. 1977; Contini & Aldrovandi
1983; Aldrovandi & Contini 1985). While these effects can play
an important role in the determination of the electron tem-
perature, T., for a direct estimation of chemical abundances
using CELs, HCM-IR does not make any prior estimation of 7.
Pérez-Montero et al. (2019) show that a variation in the electron
density by a factor of four has a negligible effect on the chem-
ical abundances derived using HCM. In the case of IR estima-
tors, such as S34, Ne23, or Ne235, only remarkable differences
(higher than 0.3 dex) are found when the densities are changed
from 100 cm ™ for SFGs and 500 cm™3 for AGNs to 10 000 cm™3
in both cases, according to photoionisation models computed
with CLOUDY v17 (Ferland et al. 2017). This value is well above
the critical density for most of the IR emission lines considered,
and there are no galaxies in this regime in our sample of SFGs
and AGNs, as is shown in Fig. 11. Therefore, we conclude that
the density conditions have no significant impact on the chem-
ical abundances of 12+log(S/H) and 12+log(O/H) estimated in
this work.

Finally, we note that a few SFGs and AGNs show val-
ues above the expected ratio in the low-density regime (i.e.,
ne — 0). Nevertheless, the deviations from the 1log(S/O) solar
ratio are also found in the density regime between 100cm™
and 1000 cm™3, supporting the idea that these differences are not
driven by variations in the gas density, but are instead intrinsic
to the chemical composition of the ISM.

5. Conclusions

In this work we performed, for the first time, a systematic analy-
sis of the chemical abundances estimated from IR emission lines
in a sample of galaxies including both SFGs and AGNs, provid-
ing an independent estimation of the oxygen, nitrogen, and sul-
phur abundances for the widest sample of galaxies with IR spec-
troscopic observations, combining Spitzer, Herschel, AKARI,
and SOFIA data. When comparing our results with previous
studies of chemical abundances from IR emission lines, we find
an agreement in the estimated oxygen and nitrogen abundances.

While most of the galaxies in the sample are characterised by
a solar log(S/O) ratio, we report that galaxies with low to solar
oxygen abundances present large deviations in log(S/O). In the
first case, galaxies present higher sulphur abundances, which is
consistent with studies based on optical emission lines. Among
them, (U)LIRGs are characterised by high stellar masses and
high SFRs, and some are reported to be experiencing an infall
of metal-poor gas, strengthening the hypothesis that the large
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both samples. Critical densities were computed
assuming 7. = 10000 K and are those associated
with the emission line with the lowest value.

S/0 ratios may be driven by stellar nucleosynthesis. In the case
of galaxies with solar-like abundances, we find that (U)LIRGs
present S/O ratios that span a very wide range, whereas their stel-
lar properties remain similar, implying a possible additional sul-
phur production channel or a more complex picture with respect
to stellar nucleosynthesis. We also tested whether these devia-
tions from the S/O solar ratio are driven by the density condi-
tions of the ISM, and we conclude that density is not a driver of
such deviations.

Our results for AGNs are similar to those observed in SFGs,
although in this case we report more galaxies deviating from the
log(S/O) solar ratio. We find that the (U)LIRGs dominated by
AGN activity and some Seyferts present extremely low log(S/O)
ratios, while they show almost solar oxygen abundances. Unlike
the SFGs, we do not find any AGN with sub-solar abundances
and high log(S/O) ratios, although this could be due to the low
number of low-metallicity AGNs in our sample. Reviewing these
results, while the use of IR sulphur emission lines to constrain
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the overall metallicity of the gas-phase ISM is not required when
transitions from other ionic species are detected (such as neon,
argon, and oxygen), using only sulphur lines can lead to an
underestimation of 12+log(O/H) in the solar (and over-solar)
regime, and an overestimation for galaxies that are actually char-
acterised by a depressed oxygen content.
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Appendix A: Data (Table A.2). Table A.3 and Table A.4 show our estimations from
IR emission lines (for SFGs and AGNS, respectively) of chemi-

We present in this appendix the full dataset of mid- to far-IR cal abundances and ionisation parameters for our sample.

spectroscopy of our samples of SFGs (Table A.1) and AGNs

Table A.1. List of IR fluxes and stellar properties for our sample of SFGs.

Name RA De 4 Type Br, [Arm]7p m log (M, [Ms]) SFR [MQ . yr"] Ref. Ref. ste.
@ 2 3 [C) [©) 6) () R ) 21 (22) (23)
Harol1 0h36m52.4544s -33d33m16.7652s 0.020598 Dwarf - 10.67 37.02 CORI15 HOW10
IRAS00397-1312  0h42m15.5119s -12d56m3.3108s 0.261717 ULIRG - - 10.7£0.2 369.5 VEI09,PS17 VIK17
NGC253 0h47m33.0727s -25d17m18.996s 0.000811 HII - - 10.4+0.1 4.7+0.9 B-S09 PARI8
HS0052+2536 0h54m56.3647s +25d53m8.0052s 0.045385 Dwarf - - 9.09+0.06 2.5+0.3 CORI15 VIK17
UM311 1h15m34.403s -0d51m46.06s 0.005586 Dwarf - - 6.69+0.07 0.040+0.012 COR15 GalDR8
NGC625 1h35m5.1598s -41d26m8.808s 0.001321 Dwarf - - 8.67+0.1 0.0562+0.007 CORI15 PARI18

Notes. Column (1): Name of galaxy. Columns (2) and (3): Coordinates. Column (4): Redshift. Column (5): Spectral type. Columns (6)-(19): IR
emission line fluxes and their errors in le™!* erg/s/cm?. Column (20): Stellar masses. Column (21): SFRs. Column (22): References for IR line
fluxes. Column (23): References for stellar properties. The complete version of this table is available at the CDS.

References. IR fluxes. ARMO7 (Armus et al. 2007), B-S09 (Bernard-Salas et al. 2009), BRE19 (De Breuck et al. 2019), COR15 (Cormier et al.
2015), DANO5 (Dannerbauer et al. 2005), FARO7 (Farrah et al. 2007), FER15 (Ferkinhoff et al. 2015), FO16 (Fernandez-Ontiveros et al. 2016),
FO21 (Fernandez-Ontiveros et al. 2021), G+A09 (Goulding & Alexander 2009), HC18 (Herrera-Camus et al. 2018), IMA10 (Imanishi et al.
2010), INA13 (Inami et al. 2013), LAM18 (Lamarche et al. 2018), NOV19 (Novak et al. 2019), PS17 (Pereira-Santaella et al. 2017), RIG18
(Rigopoulou et al. 2018), TAD19 (Tadaki et al. 2019), UZG16 (Uzgil et al. 2016), VEI09 (Veilleux et al. 2009).

References. Stellar properties. GalDR8 Galspec Data Release 8. HOW10 (Howell et al. 2010), PAR18 (Parkash et al. 2018), SHE10 (Sheth et al.
2010), VIK17 (Vika et al. 2017).

Table A.2. List of IR fluxes for our sample of AGNs.

Name RA De z Type Br, [Arm]7p m [O ]88y m [Nm]122u4 m [N 1]205¢ m Ref.

@ 2) 3 “@ (O] 6) (Y] - (2D (22) (23) (24)

IRAS00198-7926  00h21m53.6141s -79d10m07.9572s 0.0728 S2 - - 12.51+4.5 - - FO16,PD22
NGC185 00h38m57.8837s +48d20m14.6616s -0.000674 S2 - - FO16,PD22
MCG-01-24-012 09h20m46.2653s -08d03m21.9564s 0.019644 S2 - - - - - FO16,PD22
NGC4593 12h39m39.4550s -05d20m39.0156s 0.0091 S1.0 - - 4.09+0.48 2.11+0.25 - FO16,PD22
NGC5506 14h13m14.8757s -03d12m?27.6984s 0.006181 Sih - - 102.26+3.31 14.14x1.15 - FO16,PD22
Mrk1383 14h29m06.5710s +01d17m06.2196s 0.08657 S1.0 - - - FO16,PD22

Notes. Column (1): Name of galaxy. Columns (2) and (3): Coordinates. Column (4): Redshift. Column (5): Spectral type. Columns (6)-
(23): IR emission line fluxes and their errors in le™'* erg/s/cm?. Column (24): References for IR line fluxes. The complete version of this
table is available at the CDS. References. ALOOO (Alonso-Herrero et al. 2000), ARMO7 (Armus et al. 2007), B-S09 (Bernard-Salas et al.
2009), BELO3 (Bellamy et al. 2003), BEL04 (Bellamy & Tadhunter 2004), BENO4 (Bendo & Joseph 2004), BRAOS (Brauher et al. 2008),
DANOS5 (Dannerbauer et al. 2005), FO16 (Fernandez-Ontiveros et al. 2016), GOL95 (Goldader et al. 1995), HC16 (Hernan-Caballero et al.
2016), HC18 (Herrera-Camus et al. 2018), IMA04 (Imanishi & Wada 2004), IMA10 (Imanishi et al. 2010), INA13 (Inami et al. 2013), INA18
(Inami et al. 2018), KIM15 (Kim et al. 2015), LAM17 (Lamperti et al. 2017), LAN96 (Lancon et al. 1996), LUT02 (Lutz et al. 2002), MAR10
(Martins et al. 2010), MUEI11 (Miiller-Sanchez et al. 2011), MURO1 (Murphy 2001), PD22 (Pérez-Diaz et al. 2022), PEN21 (Peng et al. 2021),
PIQ12 (Piqueras Lépez et al. 2012), PS17 (Pereira-Santaella et al. 2017), REUO2 (Reunanen et al. 2002), REUO3 (Reunanen et al. 2003), RIFO6
(Riffel et al. 2006), SEVO1 (Severgnini et al. 2001), SMA12 (Smaji¢ et al. 2012), SPI21 (Spinoglio et al. 2022), SPO22 (Spoon et al. 2022), VEI97
(Veilleux et al. 1997), VEIO9 (Veilleux et al. 2009), YAN21 (Yano et al. 2021).

Table A.3. Chemical abundances estimated from HCM-IR, using the grid of POPSTAR for our sample of SFGs.

Name 12 +log(O/H) 12 +log(S/H) log(N/O)  log(U)
€)) (2) (3 4 (&)

Harol1 8.15+0.09 6.39+0.16 -1.07£0.07 -2.62+0.08
IRAS00397-1312  8.42+0.19 6.79+0.11 - -2.93+0.13
NGC253 8.72+0.23 - 0.92+0.25 -3.27+0.22
HS0052+2536 8.08+0.22 6.290.29 - 2.65+0.12
UM311 8.12+0.18 6.51+0.19 - -2.68+0.09
NGC625 8.03+0.16 6.4+0.2 - -2.53+0.1

Notes. Column (1): Name of galaxy. Columns (2)-(5): Chemical abundances and ionisation parameters with their corresponding uncertainties. The
complete version of this table is available at the CDS.
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Table A.4. Chemical abundances estimated from HCM-IR, using the grid of AGN models for apx = 0.8 and the stopping criteria of 2% of free

electrons for our sample of AGNs.

Name 12 +log(O/H) 12 +log(S/H) log(N/O)  log(U)
@ 2 3 4 (&)
IRAS00198-7926  8.18+0.34 6.76+0.35 - -1.81+0.33
NGC185 - - - -
MCG-01-24-012  7.86+0.36 6.35+0.45 - -1.6+0.42
NGC4593 8.07+0.36 6.41+0.51 0.91£0.22 -1.78+0.34
NGC5506 8.15+0.3 6.68+0.39 0.74+0.15  -1.88+0.37
Mrk1383 7.83+0.38 6.2+0.47 - -1.58+0.4

Notes. Column (1): Name of galaxy. Columns (2)-(5): Chemical abundances and ionisation parameters with their corresponding uncertainties. The

complete version of this table is available at the CDS.
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